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functioning: for brief application of agonist, it opened
to a channel pore that was permeable to small cations,
whereas, for longer activation, a larger pore opened that
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was permeable to molecules as large as the 630 Da YO-Pasadena, California 91125
PRO-1 dye. This experiment demonstrated, for the first
time, real time changes in ion selectivity for a molecularly
defined, single ion channel species (but see Petrou et
Membrane ion channels contain integral pores that pre- al., 1997).
cisely select their permeant ions. This selectivity an- P2X Structure-Function Basics
chors our concepts of transmembrane signaling in many Seven distinct P2X receptor subunits are known (num-
tissues, including the nervous system. Excitable cells bered P2X1 through to P2X7). Each P2X subunit is be-
have a rich repertoire of dynamically regulated channels, tween 379 and 595 amino acids in length (P2X6, smallest;
and this richness and plasticity allows them to use chan- P2X7, longest), and amino acid identity varies between
nels beautifully to suit their needs. The selectivity of 38% and 48% in pairwise comparisons. P2X subunits
ion channel pores has generally been viewed as fixed. have two hydrophobic segments of sufficient length to
However, recent studies on disparate classes of ion cross the membrane, and the amino and carboxy termini
channels challenge the generality of this idea and show are both intracellular. The largest part of the protein is
that some ion channels can change their ion selectivity extracellular, and this loop has ten conserved cysteines
such that normally impermeant ions do in fact permeate (not all shown in Figure 1A). This view of the P2X channel
under some circumstances. In no case is the mechanism topology (Figure 1) is supported by much data, including
fully understood, but the phenomenon represents both a substituted cysteine accessibility mutagenesis, identifi-
new functional aspect of ion channels and a suggestion cation, introduction and mutagenesis of glycosylation
about novel ways in which channels may process infor- sites, and the functional expression of tail-to-head tan-
mation in the nervous system. This review seeks to high- dem subunit channels (Rassendren et al., 1997; Egan et
light studies on ion channels that show selectivity al., 1998; Newbolt et al., 1998; Torres et al., 1998a,
1998b). The pore is lined by the second transmembranechanges, point to possible mechanisms, and draw on
region, and its narrowest part, the channel gate, is likelycommon themes. We consider P2X and proton-gated
to include a conserved glycine in this hydrophobicchannels from the superfamily of transmitter-gated ion
stretch (G342 of P2X2; Egan et al., 1998). A conservedchannels, Kv and cardiac sodium channels from the
aspartate (position 349 in P2X2) is internal to the gatesuperfamily of voltage-gated ion channels, and cyclic
(Rassendren et al., 1997). The greatest divergencenucleotide±gated channels from the family of channels
among P2X channels is in the carboxy tail, which variesthat are gated by intracellular messengers (Figure 1).
in length between 31 residues for P2X4 and 242 residues
for P2X7 (Surprenant et al., 1996). We remain naive aboutP2X Channels Gated by Extracellular ATP
the agonist-binding site, the region responsible forIn 1979, Cockcroft and Gomperts showed that mast
the binding-gating link, or the role of TM1 in the pore. Thecells express a receptor for extracellular ATP (termed
cysteine-rich extracellular loop forms up to 60% of thethe P2Z receptor) that when activated allowed a time-
protein, and we know little about its structure or physio-dependent membrane permeability to large molecules
logical function.(Cockcroft and Gomperts, 1979). Large molecules per-
Ion Selectivity Changes: Change in Oligomeric
meated mast cells only during prolonged ATP applica-
State or a Dynamic Filter?
tion. Seemingly, the P2Z receptor in mast cells could
Cockcroft and Gomperts (1979) suggested that the less
sense how long it was activated and open an increas- selective state of the P2Z channel may be due to succes-
ingly large hole in the plasma membrane. It was unclear sive oligomerization of existing monomeric channels, so
how this occurred at a mechanistic level or whether the that the pore would grow in diameter as oligomerization
ATP receptor was an ion channel. Nevertheless, these proceeded. Recent efforts to determine the P2X channel
lovely experiments focused attention on a receptor that stoichiometry indicate that the channel is a trimer, but
may have important implications for signaling and for the authors also suggest that the channel may exist in
cytolytic activity in immune cells of the brain and periph- the hexamer state (Nicke et al., 1998). However, other
ery. Similar P2Z receptors exist on many cell types. Of studies on the extracellular domain of P2X2 channels
the groups that attempted to clone this channel, one show that they assemble as tetramers (Kim et al., 1997).
made particular progress (Nuttle and Dubyak, 1994). Thus, the issue of stoichiometry is still not settled, but,
However, it was 1996 when the Glaxo group cloned the whatever the number, no example has arisen in the past
P2X7 receptor channel (Surprenant et al., 1996). The P2X7 20 years of a channel from higher eukaryotes whose
channel seemed to reproduce many of the phenotypes subunit stoichiometry changes on a time scale of sec-
of the P2Z receptor, including its time-dependent change onds. The synthetic channel formed by the fungal antibi-
in permeability. The P2X7 channel had two forms of otic alamethicin displays subconductance states that
differ in selectivity among ions of various sizes (Hanke
and Boheim, 1980). In one interpretation, this arises from* To whom correspondence should be addressed (e-mail: balkhakh@
its.caltech.edu [B. S. K.], lester@its.caltech.edu [H. A. L.]). a single channel with a variably sized pore: the pore
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(C) Cardiac sodium channels.
(D) Kv channels.
Upper panels show representations of the
membrane disposition and key structural fea-
tures of the various ion channels (A±D). The
lower panels show traces that illustrate ion
selectivity changes for ion channels. The
traces have been reproduced from original
papers ([A], Khakh et al., 1999; [B], Lingueglia
et al., 1997; [C], Nuss et al., 1999; [D], Kiss
et al., 1999). Acid-sensing channels and P2X
channels have the same overall membrane
topology but are unrelated to each other at
the level of amino acid sequence. CNG chan-
nels also change their ion selectivity (Hackos
and Korenbrot, 1999) and are structurally sim-
ilar to voltage-gated ion channels (C and D).
accretes alamethicin molecules (nine to ten; Hanke and 1999). For instance, brain P2X4 channels show a change
in ion selectivity, despite their small 31 residue tail (Fig-Boheim, 1980). Nevertheless, present knowledge about
the atomic scale structure of the selectivity filter (for ure 2). Furthermore, two neuronal P2X2 channel splice
variants change their selectivity identically: the full-instance, Doyle et al., 1998) prepares us for the possibil-
ity that the selectivity filter could by reshaped by ang- length P2X2-long channel with a tail of 120 residues, and
the P2X2-short channel, which has only 51 residues in itsstrom level motions of side chains in and near the pore.
Unfortunately, we still lack detailed structural informa- tail (Virginio et al., 1999) (Figure 2). Changes in selectivity
seem to be a general mechanism for P2X channels. Wetion for dynamic changes in any selectivity filter.
When the P2X7 channel was identified, ion selectivity continue to lack information about the function of the
cytoplasmic C-terminal tails of P2X receptors, but wechanges were thought unique to this ion channel. A clear
difference between P2X7 and other P2X channels was suspect that they function in sorting or regulation, like
those of amiloride-sensitive sodium channels (Shimketsits longer C tail, and this prompted the obvious question:
does this long tail contribute to the observed changes et al., 1997).
On the other hand, two recent papers show that time-in ion selectivity for P2X7? Indeed, truncating the tail of
the P2X7 channel does block the change in ion selectivity dependent ion selectivity changes are at least partially
governed by the pore-lining second transmembrane do-(Surprenant et al., 1996). Two recent papers change
this view: neuronal P2X channels can change their ion main in P2X channels (Khakh et al., 1999; Virginio et al.,
1999). In P2X channels, it is possible to dramatically up-selectivities as well (Khakh et al., 1999; Virginio et al.,
Review
655
Figure 2. Ion Selectivity Changes in P2X Channels Are Not Related to the Length of the C Tail
Upper panel shows a diagrammatic representation of the tail lengths of homomeric P2X channels; we consider only those homomeric channels
where ion selectivity changes have been studied. Lower table lists parameters that illustrate the ability of P2X channels to change their
selectivity. In sodium solutions, ion selectivity changes can be seen as biphasic currents and can be measured directly by tracking the
permeability (pNMDG1) of the weakly permeant ion NMDG1 or by noninvasive optical methods that track the increase in permeability to the
fluorescent dye YO-PRO-1. A biphasic current, increase in NMDG1 permeability, or increase in YO-PRO-1 fluorescence all indicate a decrease
in ion selectivity, although a biphasic current does not always accompany such a change. The table is based on data from Surprenant et al.
(1996), Khakh et al. (1999), and Virginio et al. (1999), and a blank indicates an unknown.
and downregulate the ability to change ion selectivity that researchers in this field will employ the full range
of modern physiological, pharmacological, and geneticby mutating residues that line the channel pore. It has
been appreciated for about a decade that one obtains approaches to attack this problem.
large effects on ion selectivity by mutating residues that
line the permeation pathway of ion channels. The new Acid-Sensing Channels Gated by Extracellular H1
Bevan and Yeats showed that acid pH could evoke bi-studies verify that the ability of P2X channels to change
their ion selectivity depends on the same permeation phasic inward cation currents in sensory neurons from
dorsal root ganglion; the second phase had a less posi-pathway as the flow of ions for the more conventional,
initial, high-selectivity state. The mutations that up- and tive reversal potential than the first (Bevan and Yeats,
1991). Acid pH can cause pain, and the second sus-downregulate ion selectivity changes are located at
G347 of P2X4/T339 of P2X2 or very close to the narrowest tained phase of these currents is an important candidate
as a mediator of nonadaptive pain evoked by acid pH.part of the ªnormalº channel pore (Rassendren et al.,
1997; Egan et al., 1998; Khakh et al., 1999; Virginio et Work on acid-sensing channels was propelled forward
immensely when Michel Lazdunski's group cloned aal., 1999). In the simplest interpretation, ion selectivity
changes occur because the selectivity filter opens, per- cDNA for a mammalian channel that responded to acid
pH changes with fast inward currents (Waldmann et al.,haps on the order of angstroms, near the channel gate.
Remarkably, P2X channels remain cation selective (Vir- 1997); these channels are related to degenerins of C.
elegans and to the amiloride-sensitive sodium channels.ginio et al., 1999). As noted, the time scale of these
transitions to the low selectivity state is slower (hun- Subsequently, many acid-sensing channels have been
identified and one of these, DRASIC (dorsal root acid-dreds of milliseconds to seconds) than opening to the
initial state (milliseconds at most) and can be triggered sensing ion channel), is found only in sensory ganglia,
implying an important role in the transduction of painby sustained ATP applications or by repetitive pulses
of ATP (Khakh et al., 1999; Virginio et al., 1999). (Lingueglia et al., 1997). When DRASIC is coexpressed
with another acid-sensing channel subunit, MDEG2Ion selectivity changes occur for natively expressed
P2X channels in neurons. What is the biological and (mammalian degenerin related channel 2), the novel het-
eromeric channel shows biphasic currents evoked bypathophysiological significance of the fact that neuronal
P2X receptor channel proteins have an intrinsic ability acid pH (Figure 1B; Lingueglia et al., 1997). After the first,
transient phase of the current, the second sustainedto detect the duration of their activation, and that they
respond by decreasing their ionic selectivity? We expect phase is associated with a selectivity change of the
Neuron
656
channel from sodium-selective to nonselective (Lin- could potentially have a bigger physiological impact
than in cardiac myocytes: in these cells, calcium is keygueglia et al., 1997). The biphasic current, with a de-
creased ion selectivity of the second phase, thus recalls to the timing and force of contraction. The authors pre-
sented evidence based on electrophysiological mea-the proton-gated currents described in sensory neurons
(Bevan and Yeats, 1991). A component of acid pain surements of reversal potentials and on measuring the
entry of calcium into cells by direct imaging (Santanais nonadaptive, and the switch in ion selectivity may
mediate this type of pain. Definitive experiments are et al., 1998). That the channel was a sodium channel is
supported by the finding that slip-mode conductanceeagerly awaited, but if this is true MDEG2/DRASIC chan-
nels act as primary afferent ªactivity detectors.º Further- could be blocked by tetrodotoxin, the classic sodium
channel blocker that blocks myocyte sodium channelsmore, homologs of acid-sensing channels, the degenerins,
cause severe neurodegeneration in C. elegans, and this with lower affinity than those in neurons. Overall, these
findings demonstrate that cardiac sodium channels per-heightens interest in acid-sensing channels as possible
mediators of neurodegeneration in mammals. One acid- meate calcium ions under some circumstances, and this
is similar to findings where atrionatriuretic peptide allowssensing channel is found abundantly in the brain (ASIC1;
Waldmann et al., 1997); a human homolog has been identi- calcium ions to permeate through sodium channels (Sor-
bera and Morad, 1990; but see Sheets et al., 1991).fied that is widely expressed in the brain (hASIC3), and it
shows biphasic currents and ion selectivity changes In light of the potential importance of calcium perme-
ability of sodium channels, it was important to showevoked by acid pH (Babinski et al., 1999).
Although synaptic vesicles have an acidic interior that that cardiac sodium channels show an increase in per-
meability to Ca21 ions when expressed in a simple nullwould in turn acidify the synaptic cleft upon exocytosis,
it is unlikely that such a pH decrease would last long cell. Two groups have addressed this question. Nuss
and MarbaÁ n show that sodium channels do not changeenough to produce the second phase of channel selec-
tivity during synaptic transmission. But metabolic activ- their ion selectivity when the a subunit is expressed
alone, or with the b1 subunit, in CHO cells (Nuss et al.,ity in general results in proton extrusion, and perhaps
conditions exist when the buffering capacity of extracel- 1999). This led the authors to conclude that the original
observation was perhaps an experimental artifact; in-lular fluid is exceeded to the extent that acid-sensing
ion channels undergo ion selectivity changes and play deed, cardiac myocytes are subject to various voltage-
clamp artifacts (Nuss et al., 1999).a role in pathophysiology.
Do all transmitter-gated ion channels change their Lederer's group performed similar physiological ma-
nipulations after expressing sodium channel subunits inselectivity? No. Work over the last 15 years has shown
that many transmitter-gated ion channels have distinct HEK cells (Nuss et al., 1999). This study shows that the ion
selectivity change in sodium channels is most pronouncedconductance states, but where researchers have stud-
ied permeation in detail, these subconductance states when three subunits are expressed together (ab1b2), less
so when the a subunit is expressed with any one b subunit,do not generally differ in their ion selectivities (Fox,
1987). Recent studies confirm that recombinant a4b2 and not observable if any subunit is expressed in isola-
tion. In these experiments, artifactual results are less ofnicotinic and 52HT3 serotonin channels do not change
their ionic selectivity in a manner similar to P2X channels a concern, because HEK cells can be voltage clamped
with high fidelity, and the authors performed experi-(Khakh et al., 1999; Virginio et al., 1999). However, a
mutant (N598Q) at a well-studied position in the perme- ments to measure calcium entry directly into cells (Fig-
ure 1C). Overall, these studies with the ab1b2 heteromul-ation pathway of the NMDA receptor NR1 subunit
(Schneggenburger and Ascher, 1997) displays two open timer extend earlier studies in cardiac myocytes (Santana
et al., 1998), but they also raise many more questions.states with different ion selectivity. To our knowledge,
subconductance states of native and wild-type NMDA It is not clear why there is a such a dramatic difference
between expressing the channels in HEK cells or CHOchannels do not differ in ion selectivity. Nevertheless, the
data from the mutant NMDA channel buttresses our argu- cells (Nuss et al., 1999). Perhaps either cell type ex-
presses modulatory subunits, or perhaps the basal ki-ment, namely that a single ion channel can have distinct
states each with different ion selectivity (Schneggenburger nase and/or phosphatase activity of the cells is a key
factor. For the present, it appears clear that, when alland Ascher, 1997).
three subunits (ab1b2) are coexpressed in HEK cells,
there is marked calcium entry through a sodium channel.Voltage-Gated Cardiac Sodium Channels
and Slip-Mode Conductance
The importance of sodium channels to the cardiac ac- C Type Inactivation of Voltage-Gated
Potassium Channelstion potential is obvious. Classically, one thinks of the
fast inward sodium current as selective for sodium ions, Voltage-gated potassium channels undergo inactivation
by at least two distinct mechanisms during membraneand much work supports this view. However, this view
of the cardiac sodium channel was changed last year depolarization. N type fast inactivation is mediated by
an N-terminal cytoplasmic blocking particle that movesby the work of W. J. Lederer's group (Santana et al.,
1998). Sodium channels in cardiac myocytes enter a to block the channel during gating; this is, of course,
the classic ball and chain model for fast inactivation.state that is dependent on the presence of intracellular
cyclic AMP and phosphorylation of the channel (Santana The usually slower mode of C type inactivation is not
due to a blocking particle but involves changes in theet al., 1998). The cAMP-dependent state was dubbed
ªslip-mode conductance,º and, under these conditions, conformation of the channel outer vestibule (Yellen, 1998).
Recent studies show that some C type inactivation actu-calcium ions become permeant at these channels. It is
hard to imagine a cell type where such a mechanism ally consists of a rather more specific change in the
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selectivity filter: C type inactivated Kv channels cannot are found in retinal photoreceptors and in olfactory neu-
rons; in both cases, they act as transducers linkingconduct K1, but they acquire permeability for Na1
(Starkus et al., 1997; Kiss et al., 1999). The structure changes in intracellular cyclic nucleotide to membrane
potential. Our current molecular level understanding ofof the KCSA potassium channel suggests a detailed
mechanism: C type inactivation would involve inward these channels indicates that the CNG channels of the
retina and olfactory sensory neurons are formed by aangstrom scale movements in the planar network of
aromatic side chains that buttress the selectivity filter; subunits and modulatory b subunits. Because, first, CNG
channels are calcium permeable and, second, a basalthe newly constricted filter would allow Na1, but not K1,
ions to permeate (Yellen, 1998). Although the change in concentration of cGMP in photoreceptors keeps CNG
channels open, the dark current includes a calcium com-permeability for Kv channels during C type inactivation
is thus far the only example of such a change that allows ponent (Frings, 1999). However, light triggers cGMP hydro-
lysis, and CNG channels close, causing membrane hyper-a reasonable structural hypothesis, this change in selec-
tivity is subtly different from the others discussed above. polarization and a fall in photoreceptor calcium levels.
Hackos and Korenbrot studied the retinal photorecep-For P2X, acid-sensing, and cardiac sodium channels,
the ion selectivity change results in permeation by pre- tor CNG channel at low (physiological) concentrations
of cGMP and also at higher concentrations (Hackos andviously impermeable, larger cations, as though the se-
lectivity filter dilates. In the case of Kv channels, the Korenbrot, 1999). Remarkably, they report that increas-
ing cGMP not only increases the open probability ofopposite occurs because the channel becomes more
permeable to a smaller ion. Beautiful experiments per- CNG channels, as expected, but also affects their cal-
cium permeability. It turns out that CNG channels haveformed by Gary Yellen's group show that the outer vesti-
bule can undergo dynamic rearrangements, such that lower calcium permeability at low cGMP concentrations.
The size of the cGMP-evoked current, and therefore thethe distance between two engineered cysteines (in the
vestibule) decreases during gating (Liu et al., 1996). open probability, is described by Hill functions, and the
same functions also describe the change in calciumThese experiments show that the diameter of the outer
vestibule is dynamic, and not fixed. In the case of P2X permeability as a function of cGMP concentration. The
inescapable conclusion: channel gating and ion selec-channels, acid-sensing channels, and cardiac sodium
channels, we think it probable that the ion selectivity tivity are linked (Hackos and Korenbrot, 1999). As a result
of the cloning efforts of many groups, we know thechange occurs because of similar mechanisms, namely
dynamic rearrangement in the channel pore, and the molecular identity of CNG channels: Hackos and Koren-
brot next exploited this knowledge by expressing rodresulting appearance of a distinct state of the channel
with altered ionic selectivity. Presumably, the experi- photoreceptor a and b subunits in Xenopus oocytes and
tested for calcium permeability changes as a functionmental strategy that Yellen adopted is generic and can
be applied to these other channels. of cGMP concentration. They report that both a and b
subunits are necessary for recombinant rod CNG chan-Shaker channels carrying the T442S mutation in the
potassium channel signature sequence (TXXTXGYGD) nels to change their calcium permeability as a function of
cGMP concentration: the a subunit alone is not enough.display fully open and subconductance states each with
different ion preferences during activation (Zheng and This appears similar to findings with cardiac sodium
channels: they become calcium permeable only whenSigworth, 1997). It has been suggested that these con-
ductances represent voltage-dependent transitions of b and a subunits are expressed together, in the presence
of intracellular cAMP (see above).the tetrameric channel through different states during
activation. In such a scheme, the fully conductive state CNG channels have relatives. The growing family of
hyperpolarization-activated cation channels (Ih) are simi-has all four subunits in the ªpermissiveº conformation,
whereas intermediate states conceivably represent lar to CNG channels in many respects (Ludwig et al.,
1998, 1999; Santoro et al., 1998). There is considerablechannels with only one, two, or three permissive sub-
units (Chapman et al., 1997; Zheng and Sigworth, 1997). similarity between CNG channels and Ih channels: both
channels have a CNG binding site, both are profoundlyImplicitly, in this model, the permissive transitions that
ultimately lead to channel opening can occur somewhat modulated by cyclic nucleotides, and both are mixed
cationic channels. In light of these findings, it might beindependently in each subunit. This implies that the
T442S mutation stabilizes intermediate states of Shaker fruitful to test whether Ih channels change their ionic
permeability as a function of intracellular cyclic nucleo-whose ion preferences are distinct from the fully open
state (Zheng and Sigworth, 1997). Thus, these studies tide concentration, like their cousins the CNG channels.
provide perhaps the most detailed discussion of how a
single ion channel species may possess different ion Concluding Remarks
selectivities, and provide a quantitative framework for Hodgkin and Huxley defined and shaped the basis for
research on other ion channels. understanding and investigating integral membrane
structures with high selectivity for permeation of individ-
ual ion species (Hodgkin and Huxley, 1952). It was onlyIntracellular Cyclic Nucleotide±Gated
Cation Channels 1 year ago that the first 3D structure of a potassium
channel was found, some secrets of permeation andCyclic nucleotide±gated (CNG) channels are designated
as members of the voltage-gated ion channel superfam- selectivity confirmed, and yet new ones revealed (Doyle
et al., 1998). A common theme to the hundreds of knownily because of structural similarities (Figure 1), but they
are also strikingly differentÐCNG channels are directly ion channels is a central cavity or pore(s) through which,
during gating, ions flow depending on their charge, size,gated by intracellular cAMP and cGMP. CNG channels
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Ludwig, A., Zong, X., Jeglitsch, M., Hofmann, F., and Biel, M. (1998).and concentration. Which ions flow is determined along
A family of hyperpolarization-activated mammalian cation channels.the permeation pathway by the selectivity filter (Doyle
Nature 393, 587±591.et al., 1998). In this review, we have discussed recent
Ludwig, A., Zong, X., Stieber, J., Hullin, R., Hofmann, F., and Biel, M.studies showing that some (but clearly not all) ion chan-
(1999). Two pacemaker channels from human heart with profoundly
nels can change their selectivity, such that normally different activation kinetics. EMBO J. 18, 2323±2329.
impermeant ions can also flow or that normally permeant Newbolt, A., Stoop, R., Virginio, C., Surprenant, A., North, R.A., Buell,
ions can flow with greater ease. Thus, the selectivity G., and Rassendren, F. (1998). Membrane topology of an ATP-gated
filter is a dynamic structure; and these dynamics occur ion channel (P2X receptor). J. Biol. Chem. 273, 15177±15182.
on the time scale of milliseconds to tens of seconds. These Nicke, A., Baumert, H.G., Rettinger, J., Eichele, A., Lambrecht, G.,
Mutschler, E., and Schmalzing, G. (1998). P2X1 and P2X3 receptorsnew findings challenge us both to determine the dynamic
form stable trimers: a novel structural motif of ligand-gated ionaspects of channel structure and also to understand the
channels. EMBO J. 17, 3016±3028.physiological sequelae of changes in ionic selectivity dur-
Nuss, H.B., Marban, E., Balke, C.W., Goldman, L., Aggarwal, R.,ing synaptic transmission and impulse firing.
Shorofsky, S.R., Cruz, J.S., Santana, L.F., Frederick, C.A., Isom, L.L.,
et al. (1999). Whether ªslip-mode conductanceº occurs. Science
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